Self-assembled clusters of metallic nanoparticles separated by nanometric gaps generate strong plasmonic modes that support both intense and localized near fields. These find use in many ultrasensitive chemical and biological sensing applications through surface enhanced Raman scattering (SERS). The inability to control at the nanoscale the structure of the clusters on which the optical response crucially depends, has led to the development of general descriptions to model the various morphologies fabricated. Here, we use rigorous electrodynamic calculations to study clusters formed by a hundred nanospheres that are separated by ∼1 nm distance, set by the dimensions of the macrocyclic molecular linker employed experimentally. Three-dimensional (3D) cluster structures of moderate compactness are of special interest since they resemble self-assembled clusters grown under typical diffusion-limited aggregation conditions. We find very good agreement between the simulated and measured far-field extinction spectra, supporting the equivalence of the assumed and experimental morphologies. From these results we argue that the main features of the optical response of two-and three-dimensional clusters can be understood in terms of the excitation of simple units composed of different length resonant chains. Notably, we observe a qualitative difference between short-and long-chain modes in both spectral response and spatial distribution: dimer and shortchain modes are observed in the periphery of the cluster at higher energies, whereas inside the structure longer chain excitation occurs at lower energies. We study in detail different configurations of isolated one-dimensional chains as prototypical building blocks for large clusters, showing that the optical response of the chains is robust to disorder. This study provides an intuitive understanding of the behavior of very complex aggregates and may be generalized to other types of aggregates and systems formed by large numbers of strongly interacting particles.
■ INTRODUCTION
Self-assembly 1,2 offers a favorable route for large-scale, low-cost fabrication of plasmonic structures. The degree of control achievable can be considerably finer than for lithographic or similar top-down fabrication techniques. For clusters of small metallic spheres, it is possible to identify a global topology, parametrized by the fractal dimension, but the position and connectivity of each individual component is random. This lack of nanoscale control does not necessarily obscure reproducible optical properties of the full system, such as the spectral position of the plasmonic resonances or the resulting average values of the Raman enhancement. Understanding and optimizing the optical response of such complex aggregates would be considerably aided by knowledge of the optical response at a local level, where the random nature of the aggregation process influences the response of each individual particle and the system as a whole.
An experimental study of the local response is a highly difficult challenge. Due to the diffraction limit, classical optical microscopy cannot resolve individual (or groups of) particles only tens of nanometers in size. New microscopy techniques may allow better resolution, 3−8 but the systematic optical imaging of complex clusters remains very difficult, especially for three-dimensional structures in solution. From a theoretical perspective, much work has been performed using methods well suited for weakly or moderately interacting clusters, often using simple dipolar models of particle interaction. These provide general trends for very large clusters. 9−12 Most important is the identification of interactions between all particles that cause particularly strong and localized local fields (known as "hot spots"), 13−16 which are critical to explain the electromagnetic contribution to surface enhanced Raman spectroscopy (SERS) 17−20 in clusters, and which can lead to nonlinear effects. 21−23 Additional physical phenomena are present in strongly interacting particles, a situation that has been widely studied in optical nanoantennas 24−26 formed by a few well-defined constituents. In the simple cases of a dimer formed by two spheres, 27−30 spherical nanoshells, 31, 32 or circular disks, 33 the possibility of obtaining strong modal redshifts and intense and strongly confined local fields is found, due to the near-field coupling between the dimer constituents. Here we develop a better understanding of the optical behavior of self-assembled aggregates of many spheres with nanoscale separations. 34 This requires the consideration of both the strong interaction between closely located particles and the presence of a large number of particles forming the complex structures. Previous studies have examined far-field 35, 36 and local-field 37 properties in connection 38 with the geometry of the aggregates. We focus here on the behavior of strongly interacting clusters formed by metallic spheres (diameter, d = 10−40 nm) separated by rigid molecular linkers, 39, 40 such as cucurbiturils, 1, 41 which serve to precisely define the interparticle separation between neighbors at nanoscale distances. 42, 43 The reproducibility and precision of the fixed particle separation provides a crucial distinctive feature of the aggregates allowing us to build nanoassemblies with a high degree of control over the optoelectronic response.
As the exact nature of the interparticle gap critically affects the optical resonances of a structure, effective control of the gap distance will result in much increased definition and reproducibility of the local behavior, with different regions of the cluster showing similar field distributions. Along this line of thought, we have suggested in previous work 40, 44 that the excitation of plasmonic modes in local one-dimensional chains of different length can be used to explain most of the observed optical behavior from an aggregate, an approach also discussed in works related to branched chain particle networks. 45 However, the decomposition of an aggregate into different one-dimensional chains is not unique, and the modes of each individual chain can be significantly affected by their mutual interaction. Thus, a careful assessment of the simple description of the cluster in terms of its chain modes is required. Figure 1 introduces the complexity of the local optical behavior that can be found within such self-assembled clusters and that we aim to understand more intuitively in this work. Figure 1a represents a complex three-dimensional cluster of gold spheres with 40 nm diameter and fixed interparticle separation distance of d g = 0.9 nm. Details of the structures and numerical method are given below. The extinction spectra of this cluster are shown in Figure 1b , with a main resonance peak near λ = 810 nm and a second peak around λ = 540 nm. A small inflection point at λ ∼ 700 nm suggests the presence of at least one additional resonant mode. Figure 1c shows the corresponding spectra of the near-field enhancement at several gap sites in the same cluster, and demonstrates how complex and variable is the exact site-specific local-field response. The enhancement spectra within the different gap-sites do present some consistencies with peaks that appear at similar frequencies for several of the spectra, but in general the response is strongly dependent on the particular environment of each gap. It does not appear obvious from Figure 1c how to derive general trends about the local optical behavior in particle clusters, in terms of one-dimensional chains or otherwise. In this paper we show how an improved understanding can be obtained.
In the following, we describe the optics of clusters starting from a systematic study of isolated one-dimensional chains with incremental disorder. We argue that considering the optical resonances of the constituent one-dimensional chains of the clusters is indeed useful to reach conclusions about the local and global behavior of the whole structure. From this we then consider full two-dimensional and three-dimensional clusters. We also propose a conceptual difference between the external perimeter of the clusters, where dimers and short chain modes resonant at higher energies are bound, compared to internal regions within the clusters that are dominated by long chain modes at lower energies.
■ RESULTS
One-Dimensional Chains. It is particularly interesting to study the contribution to the optical response from onedimensional chains 46−51 that are found embedded within larger two-and three-dimensional aggregates. However, these chains within the aggregate are not straight but kinked and distorted. It is thus important to understand the effect of disorder 52−55 on the optical response.
Considering isolated one-dimensional chains, Figures 2c,e show the extinction spectra for chains formed by a number N = 16 of Au spheres of 40 nm diameter. The structure of the chains ranges from perfectly straight to highly disordered (Figure 2a ). All the particles are contained in the plane xy perpendicular to the direction of propagation of the incident plane wave. The disorder is quantified by the circular standard deviation δ. To obtain δ, we first calculate an angle θ i between a reference direction and the vector v ̅ i defined by the axis of each of the N − 1 constituent dimers. The sign of v ̅ i is always determined by choosing as its origin the particle closer to one fixed end of the chain. The disorder δ is defined as the circular standard deviation of the obtained set of angles, δ = (−2 ln(|1/ (N − 1)Σ i=1 N−1 e iθ i |)) 1/2 . The use of directional statistics minimizes the problem of ,the modularity of the angle. Neither changing the reference direction used for the definition of θ i nor choosing the opposite sign for v ̅ i affects the obtained δ. Averaged near-field and Raman enhancements are obtained by averaging the field at the gap center for all d gap = 0.9 nm junctions, as detailed in the Methods section.
For a perfectly straight chain 56, 57 (δ = 0) with axis parallel to the polarization of the incident plane wave (x axis), we observe a peak around λ = 820 nm dominating the spectra for both the extinction (Figure 2b ) and the near-field enhancement averaged over all d gap = 0.9 nm gaps ( Figure 2d ). This peak corresponds to the lowest energy, dipole-like mode. A less pronounced contribution from other higher energy modes appears at λ ∼ 740 nm, λ ∼ 670 nm, and λ ∼ 560 nm. As the incident electric field is perfectly parallel to the chain axis, all these modes are longitudinal. We also plot in Figure 2b ,d the evolution of the extinction and average near-field enhancement spectra for chains showing some degree of disorder (see the schematics of the disordered chains in Figure 2a ) and under the same conditions of incident field. The weakly disordered chains remain roughly parallel to the incident light polarization. As the disorder increases, the lowest energy peak blueshifts with reduced intensity, while for the largest considered disorder δ = 1.45, a different mode at λ ∼ 665 nm becomes predominant. Longitudinal modes in the full structure, or in some constituent subchains, explain most of the dominant optical response, but tangential modes can also be excited for δ ≠ 0 at frequencies slightly blueshifted with respect to the resonance of the single sphere (λ ∼ 530 nm). Despite these small differences, the spectra for moderately disordered chains remain remarkably close to the results of the perfectly straight chains, thus suggesting a robust means to simply characterize the optical modes of complex aggregates. As an example, the near-field distribution of two representative modes (λ = 824.7 nm for straight chains, δ = 0, and λ = 786.9 nm for disordered chains, δ = 0.96) are shown as insets in Figure 2d . A relevant near-field enhancement is clearly preserved under disorder.
The response of a chain under linearly polarized light is strongly dependent on the orientation of the chain. To separate this effect from the influence of disorder, it is useful to consider unpolarized illumination. Figure 2c ,e shows the extinction and average field enhancement spectra for the same chains as Figure  2b ,d but now illuminated with an unpolarized plane wave (see the Methods section for details). For the straight chain, the line shape of the extinction and average enhancement spectra are very similar to that of the polarized light in Figure 2b ,d. This is due to the weak interaction of the chain with the polarization perpendicular to its axis (electric field along y). The main contribution of this polarization is the excitation of relatively weak transverse modes near λ ∼ 520 nm. Thus unpolarized light mostly results only in a scaling of the extinction by a factor of 0.5 and of the field enhancement by a factor of 1/√2, where the latter is due to the assumption of incoherent illumination as explained in the Methods section.
Unpolarized light can excite modes supported in the chains with an efficiency that is independent of the chain orientation in the xz plane, or the orientation of particular subchains forming the complete structure. As disorder can affect the chain orientation, δ affects the lowest order mode of the structures in Figure 2a less strongly for unpolarized light than for x-polarized light. This weaker dependence with δ can be observed both in the extinction (Figure 2b ,c) and in the near-field enhancement (Figure 2d ,e). Notably, the extinction maximum associated with this mode diminishes by less than ∼35%, and the corresponding near-field enhancement remains almost unchanged or even slightly larger for δ ≠ 0 compared to the straight chains (δ = 0). Unpolarized light can also excite more efficiently the higher order modes, as revealed by examining the peaks at lower wavelengths, notably for δ = 0.89. Figure 3 examines in more detail the effect of disorder on the lowest energy peak from chains formed by a different number N of d = 40 nm gold particles. The smaller chains (N < 16) are subchains of the largest ones (N = 16), and the exact geometry for N = 16 and δ = 0, 0.28, 0.52, 0.89, 0.96, and 1.45 correspond to the structures shown in Figure 2a . In general, the random nature of the process introduces a statistical scattering of the results as δ is increased, but general trends can be outlined as marked by solid lines in Figure 3 . Nevertheless, the Langmuir Article dx.doi.org/10.1021/la300198r | Langmuir XXXX, XXX, XXX−XXX C exact trends as a function of δ may depend on the particular conditions of growth. We are interested in the general robustness of the optical response to disorder, and not in the particular quantitative results. Figure 3 (a) show the spectral position of the lowest energy extinction peak for different disorders and chain lengths. In general, a larger N redshifts the resonance 54, 56, 57 while increasing the disorder acts to blueshift it. This blueshift, which is small or moderate (≲7% of the δ = 0 value), is less marked in the shorter chains. As a consequence, the difference between the peak position characterizing the long and short chains becomes smaller for increasing disorder δ. In some cases of relatively large disorder, a particular chain can show a resonance at a slightly lower wavelength than a shorter chain of similar δ. This inversion can be attributed to the random nature of the structures. Figure 3b shows the extinction values at the resonant wavelengths obtained in Figure 3a , normalized by the number of particles in the chain. The extinction is strongest for the perfectly straight chains, and presents a clear but mild tendency to lose strength as the disorder increases. The weakening of the extinction is more pronounced for short chains and less significant for longer ones.
Next we show the effect of disorder on the field enhancement ( Figure 3c ) and on the Raman signal enhancement for a characteristic Raman mode of the cucurbituril linking molecule at 826 cm −1 (Figure 3d ), 58 both averaged over all gaps that the cucurbituril defines experimentally. The field and Raman enhancement is calculated for each chain at the wavelength corresponding to the respective lowest energy resonance peak. This resonant wavelength depends on N and δ similarly to the values displayed in Figure 3a for the extinction peak. Increasing the disorder of short chains tends to diminish the average field and Raman enhancement obtained. The reduction is however quite moderate, 59 which is a highly relevant result for these structures considering previous work demonstrating a typically large sensitivity of Raman measurements in plasmonic systems to relatively small geometrical changes 60 (for fixed gap systems). Furthermore, for large chains, there is no clear trend as disorder δ increases, and the influence of the disorder remains small. In some cases, the presence of disorder can even result in slightly larger enhancements. It is reasonable to assume that this stronger enhancement has a similar origin as the hot spots found on rough surfaces or in aggregates of weakly interacting particles. The demonstrated robustness of the Raman enhancement to the presence of disorder is highly relevant to explain the strength of the experimentally measured Raman scattering in similar complex self-assembled aggregates. This stability of the optical response in one-dimensional chains under different levels of disorder is preserved for a fixed aspect ratio of the full chain (length of the chain/radius) given mainly by the number of particles forming the chain. Similar stabilities in optical response have been identified both theoretically and experimentally in similar systems showing long-range interactions 52, 53, 55 and even in metamaterials. 61, 62 Our results thus point toward a similar effect, with the number of particles being the key aspect in producing the stability of the response (assuming a fixed gap distance as in our case), independent of the disorder of the whole chain.
Two-Dimensional Aggregates. Next we present twodimensional Au clusters, 34, 63, 64 in which all the particle aggregation occurs within the same plane, as given in Figure  4c −f. Illumination is from a linearly polarized plane wave propagating perpendicularly to the plane containing the spheres. The diameter of the spheres is 40 nm. A dendriticlike morphology of the aggregates has been adopted in the simulations with the cluster generated from a particle seed. It is therefore possible to observe chain-like subunits in the resulting structures, consistent with the expectation for aggregates in diffusion-limited reactions. 40 The extinction cross-section in Figure 4a shows several different resonances, with a dominant peak at λ∼755 nm, a weaker maximum at λ ∼ 545 nm, and two shoulders at λ ∼ 680 nm and λ ∼ 865 nm. The latter corresponds to the lowest energy mode of the structures. The field enhancement in Figure 4b also reveals the presence of a similar spectral distribution of modes. Here we show the spectrum of the maximum field enhancement at the gap centers, rather than the average over the different gaps to better emphasize the presence of different modes. The averaged field enhancement reaches values of up to ∼120. A direct correspondence between the spectral position of the peaks and shoulders observed in the extinction and the peaks found in the maximum field enhancement spectrum cannot be established. The latter appear at λ ∼ 680 nm, λ ∼ 725 nm, λ ∼ 760 nm, and λ ∼ 850 nm. This difference is expected 65, 66 given the different nature of the field enhancement (which is determined locally at each position) and the far field (an integrated result of the full structure)
To obtain a better understanding of the excited modes, it is convenient to examine the local behavior of the fields at the aggregate by mapping the spatial field distribution. Figures 4c−f show the electric displacement in the plane through the middle of the spheres, for wavelengths corresponding to the enhancement maxima in Figure 4b and at the frequency λ = 645 nm corresponding to the resonance of an isolated dimer. We plot the electric displacement D to visualize the distribution more clearly. A striking evolution of the excited modes appears for the different wavelengths. For the shortest wavelengths, different dimer or short chains at the periphery of the aggregate exhibit particularly strong displacement fields. As the energy decreases, long chains that can extend toward the center of the structure begin to dominate. The orientation of these chains tends to be roughly parallel to that of the polarization.
The excitation at larger wavelengths in Figure 4 corresponds to the longest of the chains. The more efficient excitation of chains extending roughly parallel to the incident field is consistent with the results for the isolated one-dimensional chains. The aggregate cannot be separated into independent chains, but it is nonetheless possible to distinguish the local excitation of short and long chain modes at wavelengths close to those obtained for the one-dimensional example, and with a similar dependence on polarization.
We discuss in the following why such local modes are present, and the reason for the preference of the short chain modes to be localized at the exterior of the aggregate. If we consider a dimer oriented roughly parallel to the electric field, and linked to the rest of the aggregate by a chain extending in the perpendicular direction, one can expect significantly stronger interaction between the two particles forming the dimer than between the dimer and the rest of the aggregate. Under these conditions, the dimer should behave as if it were isolated, with the corresponding resonance at relatively high energy. An analogous isolation effect can also appear for other short chains longer than the dimer. Critically, the excitation of such short dimer-like chain modes at large energy depends on weak-coupling to the rest of the aggregate, a condition which would be more easily found at the periphery, where each dimer is surrounded by fewer particles. We thus believe that the possibility of weaker interaction between a dimer and the rest of the structure at the exterior of an aggregate explains why the high-energy dimer-like chain modes often appear in this region. By contrast, longer chains requiring the interaction between many particles forming a chain do not depend on such structural isolation and may also be less influenced by interaction with other chains. As a result, such longer chains are found all over the aggregate.
The results of Figure 4 support the assertion that one can interpret the optics of two-dimensional clusters in terms of the excitation of different local chains of different lengths. This is most apparent from the clearly distinguished spatial field distributions in Figure 4c −f, but the extinction and near-field spectra of Figure 4a ,b can also be understood as the result of different contributions from one-dimensional chains of the type studied in Figures 2 and 3 . We find that the lowest energy peak of the two-dimensional aggregate extinction and enhancement both appear near λ = 855 nm (λ ∼ 885 for the scattering), and thus is moderately redshifted (Δλ ∼ 50 nm) with respect to the resonance of the largest isolated one-dimensional chain considered (Figure 3 ). We argue that this shift is caused by interaction between different chains within the aggregate, an interaction that is more important in this two-dimensional geometry. With the particles confined to two dimensions, the incident plane wave considered illuminates all of the particles with the same phase, allowing for a particularly significant Langmuir Article dx.doi.org/10.1021/la300198r | Langmuir XXXX, XXX, XXX−XXX constructive modal superposition. To support this, we simulated the two-dimensional cluster with oblique incidence. In this instance (not shown), the phase of the illumination changes in the plane containing the particles, and the lowest energy peak position blueshifts (Δλ ∼ 40 nm) and recovers a position much closer to the resonance of the long isolated onedimensional chain, in agreement with our expectation. Coherent scattering from many chains can also lead to radiative broadening 65, 67 and possibly explains the relatively slow decay of the extinction signal in Figure 4a for large wavelengths. The decay is significantly faster for oblique illumination, probably also due to the smaller influence of the constructive superposition discussed above.
Three-Dimensional Aggregates. We next consider the properties of three-dimensional clusters, which are especially relevant in many experimental situations produced by chemical synthesis. The three-dimensional structure is also generated from a particle seed, with an intermediate compactness, consistent with the experimental growth observed. We first relate the optics of these aggregates with the results of onedimensional chains considered in isolation. Figure 5a ,b shows the absorption spectra and maximum near-field enhancement for such a three-dimensional cluster and for a moderately disordered (δ = 0.52) one-dimensional chain of 16 Au particles, with particle diameters d = 10 nm, d = 20 nm, or d = 40 nm and under linearly polarized plane wave illumination. The axis of the chain is roughly parallel to the polarization. Figure 5d−g and Figure 1a show the morphology of the cluster, and Figure  2a shows that of the chain, for d = 40 nm. For other diameters, the position of the spheres is scaled by a factor that preserves the gap width, d gap = 0.9 nm. We consider the absorption instead of the extinction cross-section because the influence of the scattering on the spectral shape can be more significant in the three-dimensional cluster than in the one-dimensional chains.
As expected, the dominant optical behavior of the clusters can be captured by the properties of single one-dimensional chains, as demonstrated by the maximum field enhancement at the center of the gaps (Figure 5b ) and the absorption spectra (Figure 5a ). In addition to the very good agreement for the spectral position and long wavelength decay of the lowest order mode for all diameters considered, the simple chain also reproduces some of the features of the clear higher-order aggregate resonant contribution present for particles of d = 40 nm near λ ∼ 710 nm. We have also found in related work 44 that the wavelength position of the lowest energy extinction peak behaves similarly when comparing one-dimensional chains of increasing length to randomly grown three-dimensional aggregates of the particle sizes considered here. The lowest energy mode in Figure 5a is, however, more predominant in the spectra of the one-dimensional chain than for the threedimensional aggregates, which is consistent with many different modes contributing to the optical response of the latter.
The striking similarities between the absorption and enhancement spectra of one-and three-dimensional structures offer further support to the critical importance of local linear chains to explain the optical response of the cluster. To further examine the excitation of these local chain modes, we consider the spatial distribution of the fields in a similar fashion to the case of the two-dimensional chains. Figure 5d −g shows the field enhancement at the center of the gaps of the threedimensional clusters under study. We consider d = 40 nm and two perpendicular polarizations to demonstrate how the orientation of the incident field determines which chain modes are excited efficiently. Two wavelengths are considered, one (λ = 800 nm) corresponding to the lowest energy mode and another (λ = 650 nm) close to the resonance of an isolated dimer. The maps obtained show a complex modal structure, which could be expected in random three-dimensional structures. Nonetheless, the general trends are clearly consistent with the results found in the two-dimensional aggregate: dimers located on the fringe generally provide the largest field enhancement for the higher-energy excitation, while lower-energy excitation results in strong fields within gaps distributed along chains of several particles. The resonant chains are approximately parallel to the incident field, as made evident when switching the polarization: (Figure 5d versus Figure 5e and also Figure 5f versus Figure 5g ).
Comparison with Experimental Results. Figure 5c shows the extinction spectra for the three-dimensional clusters shown in Figure 5d −g, together with experimental measurements for aggregates of spheres of the same nominal size and gap separation distance. The agreement is good for the three d = 10 nm, d = 20 nm, and d = 40 nm diameters considered, particularly after appreciating that the exact morphology of the experimental clusters is not known. The position of the lowest energy peak is very well predicted by the calculations, as well as the presence of a second peak near the resonant wavelength of the single sphere, where tangential modes and higher order longitudinal modes can contribute to the spectra. The relative weight of both peaks is not the same for experiments and theory, but the discrepancies found are not surprising, as the modeling does not consider the exact experimental configuration.
The spectra of the lowest energy mode for d = 40 nm decays at large wavelengths very similarly in the experiments and in the calculations. The description of this long-wavelength tail by an equation normally used to describe dipolar resonances of simple systems is explained in detail elsewhere. 44 The agreement becomes somewhat worse for smaller particles, which we attribute to the scattering contribution to the extinction. For all considered sizes, the absorption dominates the extinction in the case of a single isolated sphere. However, assuming a very simple model with constructive interference from all particles and no interaction, the absorption crosssection of a cluster scales with the number of particles N and the scattering with N 2 . Thus, the relative contribution of the latter to the extinction becomes more important for large clusters. This strong additional contribution leads to radiative damping, which broadens the peaks. However, the broadening from radiative damping and the ∼N 2 scaling of the scattering is based on the assumption that the scattering from all particles adds up constructively, which is not the case for sufficiently large three-dimensional clusters. Thus, the significance of these effects should only increase up to a certain physical size of the aggregate, where the critical parameter is the dimensions of the cluster in nanometers compared to the incident wavelength, and not the number of particles. We suggest that the cluster modeled here is sufficiently large for d = 40 nm to capture most of the radiative broadening present in the larger experimental clusters, but is not large enough to reproduce all the broadening for the case of d = 20 nm and d = 10 nm. An alternative explanation might be that the experimental clusters are constituted by a smaller number of particles for larger d.
■ CONCLUSIONS AND DISCUSSION
This paper discusses ways to easily interpret the response of complex experimental clusters formed by strongly interacting plasmonic nanospheres. These aggregates show intermediate compactness (fractal dimension), typical for diffusion-limited growth, 68 and it is possible to visually distinguish local onedimensional chains formed by several adjacent particles separated by the fixed gap distance d gap . We are able to interpret the observed optical behavior of a large aggregate whose structure is unknown by identifying the optical response to be composed of contributions from smaller functional onedimensional chains embedded within.
As self-assembled clusters are likely to not contain perfectly straight chains, we first systematically analyzed the effect of disorder δ on the optical properties of one-dimensional chains. The chain extinction is robustly preserved under increasing disorder, especially under unpolarized illumination, with significant deviations mainly due to the excitation of higher order modes for certain δ values. Notably, the broad lowest energy mode that dominates much of the response is only weakly affected by the presence of disorder. This study thus strongly supports the presence of clear resonant chain modes even when the position and connectivity of strongly interacting particles is not controlled. The observed robustness of the results to disorder should hold when the one-dimensional chains are embedded in either two-or three-dimensional clusters.
The far-field and the maximum enhancement spectra of twoand three-dimensional clusters are generally consistent with the interpretation of the optical response in terms of local onedimensional chain modes. These spectra correspond to the global response of the complete cluster. The spatial distribution of the local fields for two-and three-dimensional aggregates clearly support the presence and key role of these chain modes. At high frequencies, notably near the dipolar resonance of an isolated dimer, strong fields tend to be confined to dimers (or short chains) at the periphery of the structures. This behavior is consistent with the resonant excitation at the end of a chain of a few particles that are oriented approximately perpendicularly to the rest of the chain. As the wavelength increases, the field enhancement can be significant along longer chains that can extend toward the center of the structure, with resonant frequencies generally compatible with the modes supported by isolated one-dimensional long chains. The incident polarization selects which particular chain modes are more efficiently excited. The interpretation of the optics of clusters in terms of individual chains brings up the question of to what extent coupling between different chains is important. We have discussed, for instance, how coherent scattering from different chains can lead to a larger scattering contribution to the extinction. We are more especially interested here in the position and spectral width of the lowest energy mode, as it is difficult to separate contributions from other modes. Both a redshift and a broadening with respect to the isolated chains were clearly observed for the lowest energy mode in twodimensional clusters, which we attributed mainly to the interaction between chains for the case of constant phase of the excitation field at the position of all spheres. By contrast, for three-dimensional clusters, no clear effect of the interaction on the spectral position of the modes was apparent in the absorption and extinction, and the broadening of the lowest energy mode was more modest. Thus, for the geometries considered here, we do not need to invoke coupling between chains to explain the main observations in the optics of threedimensional clusters, which are of special interest in experiments. Interaction though may be stronger for larger spheres and more compact aggregates, even though the description of the optics of two-and three-dimensional clusters in terms of the excitation of chain modes is very robust for the intermediate compactness studied in this work.
The current study assumed a fixed gap distance and identical particles, a relevant situation for experimental work of aggregates with rigid molecular linkers. It is nonetheless an interesting question to what extent the conclusions would hold if these parameters vary across the structures. As the resonance depends critically on the ratio between the separation distance and the particle's size, variations in this ratio will result in larger differences between different regions of the cluster, with resonant contributions expanding into a broader inhomogenous spectrum. If the size ratios vary strongly within the clusters, it may be difficult to find modes extending along very long chains. The description of the optical response of the aggregate in terms of different chains may nonetheless remain valid: dimers at the periphery of the clusters dominating the high-energy response, and chain modes being more significant for the longwavelength region of the spectra.
In conclusion, our work found local one-dimensional chains of different length to be the critical element explaining the resonances of self-assembled clusters, thus offering a simple interpretation of the very complex structures grown experimentally. Notably, we have observed a spectral and spatial distinction between resonant modes extending along short and long chains within the cluster. Short chains resonate at a larger energy and are typically found at the periphery, while longer chains are excited at a lower energy and extend all over the aggregate. The results obtained should be particularly useful to interpret measurements that depend on the local behavior, such as Raman spectroscopy of molecules located at the cluster gaps. 18, 19, 40, 69, 70 The validity of the results for relevant experimental conditions is supported by the good agreement between the calculated and measured spectra in aggregates formed by particles of different sizes.
■ METHODS
Calculations. The calculations consider clusters and chains of gold particles of different diameters d under plane wave illumination. The distance between a particle and its closest neighbor is 0.9 nm, and all clusters are placed in water, modeled as an infinite space with dielectric constant ε = 1.77. The gold dielectric constant is taken from Johnson and Christy, 71 size corrected according to refs 12 and 72 by ε(ω) = ε JC − ω p 2 /(ω(ω + iγ c )) + ω p 2 /(ω(ω + iγ p )). ω is the frequency, ε JC is the experimentally measured bulk value, and ω p = 9.065 eV and γ p = 0.0708 eV are the plasma frequency and damping frequency, respectively, of a drude model describing the bulk values. γ c = γ p + v f /R encodes the size correction, with v F being the Fermi velocity and R the radius of the particles R = d/2.
To obtain the cluster and chain morphology for the theoretical study, we start from an initial single particle seed. The structures are generated by the random and progressive addition of new spherical particles at a 0.9 nm distance from the closest neighbor. The 0.9 nm distance is chosen to reflect the interparticle spacing determined by the cucurbituril linker, which is assumed not to affect the optical properties, i.e., no area of different dielectric constant than water is present in the gap. After imposing some general conditions (dimensionality, level of disorder, etc.), the exact position of each particle is determined with a pseudo-random number generator to mimic the lack of control in the experimental positions. We define "contiguous spheres" as those separated by exactly 0.9 nm, and the axis of a dimer is the vector joining the center of two contiguous spheres. In two-and three-dimensional clusters, the chains are defined as sets of several contiguous particles within the clusters that extend in a roughly linear direction with an axis along a mean chain orientation, defined with respect to the first and last particle of the chain.
We obtain the far-field properties (absorption, scattering, and extinction cross-section) and the near-field behavior as a function of incident wavelength λ. In particular, we analyze the field enhancement at the center of each 0.9 nm gap, defined as the field amplitude E normalized by the value for the incident radiation E 0 . |E/E 0 | 2 is the local intensity enhancement, and the Stokes Raman enhancement is simply obtained by the standard ratio |E(ω in )/E 0 | 2 |E(ω out )/E 0 | 2 , with ω in and ω out being the incident and emitted frequencies, respectively, for a Raman shift of 826 cm −1 . In the Raman expression, |E(ω in )/E 0 | 2 corresponds to the excitation of the molecule, and |E(ω out )/E 0 | 2 is assumed to describe the emission process, which is often a good approximation due to reciprocity considerations. 73 As the shift between ω in and ω out is small compared with the broadness of typical plasmonic resonances, the Raman signal approximately scales with the fourth power of the field enhancement. We calculate the enhancement at the center of the gaps, and obtain the average enhancement over all 0.9 nm gaps of the cluster, as well as the maximum enhancement. For the latter, the gap with the strongest field at each frequency is selected. For averaging between different gaps, a simple arithmetic mean value is used. When obtaining the enhancement in each of the gaps for unpolarized illumination, we assume two incoherent orthogonal polarizations and average over the local intensity I. We take the square root of this value to obtain the field enhancement, and the square of the averaged value of (I(ω in )I(ω out )) 1/2 to obtain the Raman enhancement. 74 These choices ensure that rotating an aggregate or chain in the plane perpendicular to the propagation direction of the incident field does not affect the averaged enhancement. From the definition, if one of the polarization components does not interact with the chains, the obtained field enhancement is 1/√2 times the value for the other component.
To numerically solve the classical electrodynamic equations, we use the multiple multipole (MMP) method, OpenMaX. 75 For the separation distances considered here within the linear regime, quantum effects should be negligible. 76−78 The MMP method allows one to describe the fields by mathematical expansions, such as multipoles and Bessel expansions, which are solutions of the homogeneous Maxwell equations. For the clusters of spherical particles considered in this paper, the main difference between MMP and the standard T-Matrix method 79 is that the former also offers the possibility to expand the fields at positions different than the center of the particles at the aggregate. In particular, we use extra multipoles centered near the narrow gaps to better describe the interaction between closely located spheres. A numerical routine finds the coefficients of the expansions that minimize the error in the functions of the fields set by the boundary conditions. The convergence of the results looks excellent for the one-dimensional chains, and highly satisfactory for the two-and three-dimensional clusters (see the Supporting Information for details).
Experimental Methods. Curcurbit [5] uril was synthesized using methods reported elsewhere. 1 A 1.2 mMol solution was prepared and used to induce coagulation in 1 mL of a citrate-capped gold nanoparticle solution (manufactured by BBI, used as supplied). The concentration of cucurbit [5] uril ensured that the aggregation kinetics were in the diffusion-limited regime. Extinction spectroscopy was performed in real time during the aggregation phase.
